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Abstract 


The rate performances of four mixed conductive electrodes (Liy3Tis;304, LiFePO4, LiCoO, and LiCo;;3Nis,3Mn1302) were investigated using 
galvanostatic charge/discharge, electrochemical impedance Spectroscopy (EIS) and galvanostatic intermittent titration (GITT). These four electrode 
materials can be roughly divided into two groups according to the structure change during Li intercalation/extraction, i.e. the phase transition 
materials (Lig/3Tis;;04 and LiFePO,) and mixed phase transformation and solid solution materials (LiNis;3Mn/3Co1,302 and LiCoO2). Both the 
ionic conductivity and phase transition kinetics have a strong impact on the rate capability of the electrode material in addition to the generally 
accepted factors such as particle size and electronic conductivity. The rate capabilities of Li43Tis;304 and LiFePO,, which have an extended flat 
region in the charge/discharge curves, mainly depended on their phase transition kinetics. The rate performance of the solid solution materials were 


controlled by the ionic conductivity, with some influence from the electronic conductivity. 
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1. Introduction 


Rechargeable lithium ion batteries have been successfully 
used for many portable electric devices such as cell phone and 
laptop computers as a power source for more than 10 years. In 
recent years, much effort has been focused on the development 
of advanced rechargeable lithium ion battery technology for use 
in electric powered vehicles (EVs) and/or hybrid electric vehi- 
cles (HEVs) to improve energy utilization as well as reducing 
environmental pollution. One of the key challenges of the current 
lithium ion battery technology to power the EV/HEV is its poor 
rate performance, which cannot meet the peak power demands 
for vehicular applications such as starting, accelerating, and 
uphill driving. The development of electrode materials with high 
rate capabilities, which will contribute mainly to the superior 
electrochemical kinetic characteristic of lithium ion batteries, is 
a critical issue to realize the commercialization of rechargeable 
lithium ion batteries as a power source for EV/HEV. 
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Up to now, it has been difficult to clearly depict the kinetics 
of the mixed conductive electrode materials used for lithium ion 
batteries, even though lots of efforts related to this field have 
been carried out [1-5]. Several factors including particle size, 
electronic/ionic conductivity, and phase transition kinetics (for 
those electrode materials, where the phase transition occurs dur- 
ing the charge/discharge process) have been proposed to affect 
the rate performance of the mixed conductive electrode material. 
It is well known that the rate capability of the pure LiFePO, with 
an electronic conductivity of ce = 107° Scm™! can be improved 
by increasing its electronic conductivity through metal doping 
[5] and mixing with the electronically conductive materials like 
carbon [6], metal [7,8] and metal oxide [9]. However, a recent 
result showed that the rate performance of LiFeo,9Nig,; PO4 with 
a low electronic conductivity (1.0 x 1077 S cm7!) is much bet- 
ter than that of LiFePO4/C with a high electronic conductivity 
(4.0 x 1074S cm7!) [11]. This result indicates that Lit diffusion 
capability may become a controlling step when the electronic 
conductivity of the LiFePO, is high. It has also been proven that 
the rate capability of the electrode increases with the decrease of 
particle size due to the short length of electronic/ionic transporta- 
tions and the large specific electrochemical reaction surface [4]. 
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For example, the rate capability of LiFePO4 can be markedly 
enhanced by decreasing its particle size [4,10]. Therefore, a 
balanced electronic and ionic conductivity is needed for mixed 
conductive electrode materials because Li* diffusion can occur 
only when accompanying electron motion is also possible. In 
addition, for the electrode materials in which phase transfor- 
mation occurs during the charge/discharge process, it is found 
that the rate capability of the material may be controlled by its 
phase transformation kinetics if the Li diffusion and electronic 
conductivity are high enough. For example, a B — a phase trans- 
formation process has been identified as a rate controlling step 
for the charge/discharge (hydrogen intercalation/extraction) pro- 
cess of LaNig.7Alo.3 anode [12], which is similar to the Li-ion 
intercalation/extraction electrodes. 

Therefore, it is important to distinguish these extrin- 
sic/intrinsic effects on the electrochemical kinetics of cathode 
material for developing a high power electrode material. To 
our best knowledge, there are still no literatures discussing this 
issue. In the paper, we presented some preliminary results on 
the understanding of the electrochemical kinetics of cathode 
material used for lithium ion batteries. Four typical electrode 
materials, which can be roughly divided into two groups, i.e. the 
phase transition materials (Li4/3Tis/3O04 and LiFePO,) and phase 
transformation-solid solution materials (LiNi,/3Mn,/3Co 4/302 
and LiCoO>2), were chosen in order to investigate the effect of 
electronic conductivity, Li-ion diffusion capability, and phase 
transition kinetics (for the phase transition materials) on their 
rate performances. 


2. Experimental 
2.1. Material characterizations 


LiCoO. and Lig/3Tis/304 powders were received from Altair 
Technologies, LifePO4 powder from Phostech Lithium Inc., and 
LiNiq/3Mn4/3Co01/;302 powder from the University of Texas at 
Austin. The micro-morphology of the electrode materials was 
observed by scanning electron microscopy (SEM) images using 
a FEI Quanta 200 with Electron Diffraction Spectrometer (EDS). 
The electronic/ionic conductivity of the materials was evalu- 
ated with electrochemical impedance spectroscopy (EIS) using 
blocking electrodes. The blocking disc electrodes were prepared 
by die-pressing powders (without any additive) with a pressure 
of 3 tonnes cm~, and then coating with Ag paste on both sides 
of the discs followed by drying under atmosphere. The sizes of 
the discs were 1.27cm in diameter with a thickness of about 
0.1 cm. The electronic/ionic conductivity of the disc was mea- 
sured by EIS using the Solartron 1260/1287 method with the 
frequency range of 32 MHz to 1 Hz at the potentiostatic sine 
wave signal amplitude of 50 mV, and was then calculated using 
the equivalent circuit proposed by Jamnik and Maier [13,14]. 


2.2. Electrode and cell preparation 
The electrodes used for electrochemical performance mea- 


surement were prepared using following procedures. The 
mixture of active material, carbon black and polyvinylidene 


fluoride (PVDF, Kynar™, Elf-Atochem) in 1-methyl-2- 
pyrrolidinone solvent with a weight ratio of 80:10:10 was formed 
into a viscous paste. The resulting viscous paste was homoge- 
nized in an ultrasonic bath for 30 min and stirred thoroughly 
before use. The obtained paste was then coated uniformly on 
a sheet of carbon-coated Al foil (carbon-coated Cu foil for 
Li43Tis/304) using a doctor blade. The film was then dried in 
vacuum oven at 120°C overnight. After cooling down to room 
temperature, the sheet was punched into a disc with the diameter 
of 1.27cm and was used as a testing electrode. The loading of 
active material was about 5.0mgcm7?. 

Electrochemical performance of the electrode material was 
carried out using a coin cell (size 2025). All testing cells were 
assembled in an argon-filled glove box, which consisted of the 
cathode (working electrode), lithium foil as the anode, a com- 
position of 1.0M LiPFe in EC-DEC-DMC-EMC (1:1:1:3 by 
volume) (Ferro Corporation) as the liquid electrolyte, and a 
polypropylene (PP) microporous film as the separator. Before 
testing the electrochemical performance, the cells were activated 
through several charge/discharge cycles with a small current 
(0.1C, 1C=150mA g7! for all the materials studied) using 
an Arbin Corporation (College Station, TX) automatic battery 
cycler. 


2.3. Electrochemical performances measurement 


For the discharge (Li intercalation) rate performance mea- 
surements, the cells were charged at 0.1C rate current to the 
upper cut-off voltage, and then discharged at the different 
rate currents to the lower cut-off voltage. Due to the differ- 
ence in the equilibrium potentials of the four electrodes, the 
cut-off voltage windows for Li4/3Tis;304, LiFePO4, LiCoO2 
and LiNiy;3Mnj4/3Co1/302 were designed to 0.8-2.5, 2.0-4.2, 
2.7-4.3 and 2.7—4.3 V, respectively. The rate capabilities of the 
electrode materials at the different discharge currents were eval- 
uated using the ratio of the capacity at a given current to the 
capacity at 0.1C. 

The thermodynamic properties of the electrode materials 
such as maximum capacity, equilibrium potential, and poten- 
tial hysteresis between the charge and discharge were obtained 
using the galvanostatic intermittent titration (GITT) technique 
at a low current density of 0.02C. The electrodes were charged 
and discharged by the use of a series of intermittent current for 
1.0 h, leaving the electrode at open circuit for 2.0 h between each 
intermittent current, and the cell voltages after the rest time of 
2.0 h were recorded as the open circuit voltage (OCV) of the half 
cell at a given state of discharge. 


3. Results and discussion 
3.1. Charge/discharge behavior at a low cycling current 


The charge/discharge behaviors of the materials at a 0.1C 
current density are shown in Fig. 1. For Lia/3Tis;304 elec- 
trode (Fig. la), the charge/discharge curve is characterized by a 
very flat and extended voltage plateau at around 1.55 V, which 
is a typical characteristic of phase transition between a Li- 
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Fig. 1. Voltage profiles of (a) Lig/3Tis/3O4, (b) LiFePOg, (c) LiCoO2 and (d) LiCo1/3Ni1;3Mn1/302 at an charge/discharge current of 15 mA gh 


rich phase (rocksalt, Li7/3Tis/304) and a Li-poor phase (spinel, 
Li4/3Tis;304) as proposed by Ohzuku et al. [15]. 


(Li)8a(Li1/3, Ti4;3)16d04 +e + Lit 
= (Liz)16c(Lij 3, Ti4/3)16dO4 


The experimentally determined specific discharge capacity of 
Lig3Tis/304 is 157.6 mAh g, which is 94.1% of the theoretical 
value (167.5 mAhg7!). 

Similar to the Lig/3Tis;304 electrode, the electrochemical 
charge/discharge profile of LiFePO4 sample (Fig. 1b) also shows 
a flat domain over a large compositional range at around 3.4 V, 
which was attributed to the two-phase reaction between LiFePO4 
and FePO, phase. 


Lit +e + FePO; (heterosite phase) 
= LiFePOs,(triphylite phase) 


The electrochemical reversible capacity of the sample was 
151.1mAhg~!, which was 88.9% of the theoretical value 
(170 mAh g7!). 

Different from the samples mentioned above, the 
charge/discharge behaviors of the LiCoOz sample (Fig. Ic) 
presented a combination of a sloping line and a flat domain in the 
voltage profile. During the discharge (Li intercalation) process, 
the voltage of Li,CoO2 decreased gradually with the increase 
of Li content first (correspondent to 100 < Q < 157 mAh g7!), 
and then kept an almost constant value in the capacity range 
10<Q<90mAhg™!. The charge/discharge voltage profile of 


LiCoO) indicated that inserted lithium first formed a solid solu- 
tion and then phase transformation occurred when Li content 
is over the solubility limit. Therefore, the charge/discharge of 
Lij;_,CoO2 was combined with solid solution domains and 
a two-phase transformation, which is in agreement with the 
previous results [16,17]. 

The charge/discharge profile of LiNiy3Mny/3Co 302 
(Fig. 1d) was slightly different from LiCoO2, showing a rapid 
voltage change with Li content in the high Li content range and 
a slow voltage variation (or a sloppy voltage plateau) in the low 
Li content area. Therefore, partial replacement of Co with Ni 
and Mn in LiCoO2 changed the phase transformation process, 
resulting in a sloppy potential plateau. The charge/discharge 
characteristic of the material presented here was similar to 
that observed by others [18-20]. However, the electrochemical 
capacity of the material was 148.2 mAh g7! when the voltage 
was changed between 2.7 and 4.3 V, which was lower than the 
result (about 200 mAh g7!) reported in the literatures [19,20] 
due to the wide potential window (2.7—4.6 V) used in their 
work. 

Based on the charge/discharge behaviors at a low current, 
these four electrode materials under investigation can be roughly 
divided into two groups according to the charge—discharge pro- 
files, i.e. the phase transformation materials (Lig/3Tis;304 and 
LiFePO4) and phase transformation-solid solution materials 
(LiNi1/3Mn1/3Co1/302 and LiCoO2). The discharge rate capabil- 
ity of these materials and the effects of extrinsic/intrinsic factors 
on their rate performances will be addressed at the following 
sections. 
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Fig. 2. Voltage profiles of (a) Lig/3Tis/3O4, (b) LiFePOg, (c) LiCoO2, and (d) LiCo4/3Nii/3Mny/302 at different discharge C rate after charging to the upper cut-off 
potential at 15 mA g~!. The open circuit voltages (open dot) at different state of discharge measured using GITT are also shown for comparison. 


3.2. Rate performance 


The discharge behaviors of the four materials measured 
at the different C rate currents are shown in Fig. 2. The 
open circuit voltages at different state of discharge mea- 
sured using GITT are also shown in Fig. 2 for comparison. 
The discharge capacities (utilizations of the active materi- 
als) and the overvoltages (voltage drop) of the electrode 
increased with the discharge current. The overvoltages of the 
electrodes at the same discharge current increased in order 
of = Lig3Tis304 < LiCo1/3Nit3Mn4/302 < LeFePOq4 < LiCoO32. 
Carefully comparing the discharge profiles of Lig/3Tis;304 with 
that of LiFePO,, one can find that the decrease in capacity 
and the increase in overvoltage of Lig/3Tis;3O4 in the volt- 
age plateau (phase transformation) region were less than that 
of LiFePO4 at the same discharge current. For LiCoO2 and 
LiCo1/3Ni1/3Mn 4/302 electrodes, which consist of the solid solu- 
tion and phase transformation during discharge process, the 
discharge capacity in the two-phase region was more sensi- 
tive to the discharge current than that in the solid solution 
region. This result suggested that kinetics of phase transforma- 
tion in two-phase region played a very important role in the 
rate capability of the electrodes. The higher rate capability of 
LiCo4/3Ni,/3Mn1/302 compared to LiCoO is in agreement with 
the reported results [20] and is probably due to the sloppy poten- 
tial plateau of LiCo1/3Ni1/;3Mn 1/302 in the two-phase region 
which looks like a solid solution. 

Assuming the discharge capacity of the materials under 
0.1C is 100%, the normalized rate capabilities of Lig/3Tis/304, 
LiFePO4, LiCoOz and LiCo1/3Ni,/3Mn1/302 under 10C are 
82, 50, 10 and 60% of their capacities at 0.1C, respectively. 


Fig. 3 shows the rate capability of the Lig/3Tis;304, LiFePOz, 
LiCoO, and LiCo4/3Ni,3Mnj/302 at different C rates. The 
rate capabilities of the four electrodes increased in order 
of LiCoO? < LiFePO, < LiCo1/3Ni1/3Mn4/302 < Lig3Tis30. 
Since the loading of active material, and the amount of carbon 
and PVDF additions are the same in the four composite 
electrodes, the rate capabilities of the composite electrodes 
should reflect the intrinsic characteristics of the electrode 
materials. The excellent rate capability of Lig/3Tis;304 was 
in agreement with the results reported by others [21-23]. For 
example, Kavan et al. reported that nanocrystalline Lig/3Tis;304 
exhibited excellent activity toward Li intercalation even at 
charging rates as high as 250C [21]. Pure LiFePO, has been 
proven to have a poor electrochemical kinetic characteristic due 
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Fig. 3. Discharge rate capability of these four electrode materials under studied. 


J. Ma et al. / Journal of Power Sources 164 (2007) 849-856 853 


Table 1 


Electronic/ionic conductivities and discharge capacity of the four electrode materials 


Sample oe (Scm7!) oj (Scm7!) Capacity at 0.1C (mAh g7!) Capacity at 10C (mAh g7!) 
Lig3T530 3.9 x 1078 2.5 x 1075 158.1 135.4 

LiFePO,4 5.0 x 1074 1.5 x 1075 151.1 69.2 

LiCoO 7.7 x 1077 5.5 x 1074 150.4 11.9 
LiCoy/3Nit3Mn4/302 2.5 x 1077 1.3 x 1073 147.9 86.6 

to its low electronic conductivity (~ 107°? Scm~?) [5]. LiFePO4 E E 
presented here showed a better rate capability than that of Fully charged | @ Conductor} 
LiCoO , because the material developed by Phostech Lithium Lig Tics, Insulator; 


Inc. was coated with carbon on the surface of the particles 
[24]. 

In the following several sections, the effect of electronic con- 
ductivity, Li diffusion coefficient (or ionic conductivity), particle 
size and phase transition on the rate capability of the electrode 
materials is discussed based on the experimental results. 


3.3. Electronic conductivity of the electrode materials 


It is well known that the rate performance of LiFePO4 
and Li4/3Tis;304 electrodes can be greatly improved by 
enhancing their electronic conductivity [5,7—10,25]. Also, 
all four electrode materials are mixed electronic/ionic 
conductors. One immediate hypothesis is that the 
increase in the rate performance for the four materials 
(LiCoO2 < LiFePO4 < LiCo1/3Nit/3Mn1/302 < Lig/3Tisy3O) is 
probably determined by their electronic conductivities. Table 1 
listed the electronic conductivities of the four electrode 
materials measured using the impedance technique. The 
electronic conductivities of the four materials increase in order 
of = Lig3Tisy304 < LiCo1/3Niy/3Mn1/302 < LiCoO2 < LiFePO.. 
The trend of the increase in the electronic conductivity is 
almost in reverse order of the rate capability (Fig. 3). As 
a white powder, the electronic conductivity of Lig/3Tis;304 
showed the lowest electronic conductivity (1078 Sem—*), 
although its rate capability was the best in the four materials. 
The conductivity of 1078 Scm™! for Li4/3Tis;304 was in 
agreement with the data reported in the literature [26]. One 
possible argument for the high rate capability of Lis/3Tis;3O4 
is that the low-electron-conductive Li4/3Tis;304 is covered by 
a high-electron-conductive (10-2 Sem! [27]) layer (Li-rich 
phase, Li7/3Tis/3O0.4) during the discharge (lithium intercalation) 
process (Fig. 4). The highly conductive outer-layer formed 
a continuous conductive web in the electrode which greatly 
enhanced the Li intercalation rate capability of Lia/3Tis/3O.. If 
this is the case, the low-electron-conductor, Li4/3Tis/3O4, will 
be covered on the surface by Li7/3Tis/3O4 during Li extraction, 
therefore, the rate capability of Li73Tis/3O4 in Li extraction 
should be much worse than that in Li intercalation. Fig. 5 
shows the charge (Li extraction) behavior of Li7/3Tis;3O04 at 
different charge C rate currents. The charge rate performance 
(Fig. 5) is almost the same with the discharge rate performance 
(Fig. 2a) at the same C rate current, which indicates that the 
superior discharge rate performance of Li4/3Tis/3O4 is not 
due to formation of a high-electron-conductive Li7/3Tis;304 
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Fig. 4. Illustration of the charge/discharge process of Lia/3Tis/3O4. 


out-layer. In addition, among these four materials, the electronic 
conductivity of LiFePO4 (~10-*Scm7!) is four orders of 
magnitude higher than that of Li43Tis;304. But, the rate 
capability of LiFePO; is inferior to Lig/3Tis/3O04, which inferred 
that the rate capabilities of the different cathode materials were 
not controlled by their electronic conductivities. However, for 
the individual material such as pure LiFePO4 with a much 
lower intrinsic electronic conductivity (10-?Scm7!), the 
rate capability can be enhanced by increasing its electronic 
conductivity initially. When the electronic conductivity of the 
material is over a threshold value, however, its rate capability 
will not be determined by the electronic conductivity but by 
some other factors such as the Li diffusion coefficient, particle 
size, and phase transition kinetic. 
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Fig. 6. SEM images of the materials, (a) Lig3Tis/3Oa, (b) LiFePOx, (c) LiCoOz, and (d) LiCo1/3Ni1/3Mn1/3O2, the magnifications in (a, b and d) are 12K x, and the 


magnification in (c) is 6K x. 


3.4. Li-ion diffusion capability and particle size of the 
materials 


Li-ion diffusion capability in the electrode materials 
depends both on extrinsic parameter and intrinsic parameter 
of the material, the former includes particle size and the 
distribution of particle size (DPS), while the latter includes 
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diffusion coefficient of lithium ion within the material. For an 
electrode material with a fixed Li-ion diffusion coefficient, the 
Li-ion diffusion capability of the material decreases with the 
increase of particle size due to the long Li diffusion path in a 
particle. For various electrode materials with the same particle 
size, Li-ion diffusion capability will be controlled by the 
Li-ion diffusion coefficient. For comparison of Li-ion diffusion 
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between each intermittent current. 
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Table 2 
Rate performance and its effecting factors 


Rate capability and its effecting factors 


Order of the electrode material 


Rate capability 

Electronic conductivity 

Li-ion diffusion capability 

Phase transition kinetics 

Combination of phase transformation and Li-ion diffusion capability 


Lig Tis/3 O4 > LiCo1/3Nip3Mnj/3 02> LiFePO4 > LiCoO2 
LiFePO4 > LiCoOz > LiCo1/3Nip3Mny13 O2 > Lig3Tis3 O4 
LiCo1/3 Ni Mnji3 O2 > Lia Tis/3 O4 > LiFePO4 > LiCoO2 
Lig/3Tis/3O4 > LiCo4/3Ni1/3Mn4/302 

Lig3 Tis/3 O4 > LiCo1/3 Nip3Mnj/3 On > LiFePO, > LiCoO2 


capability of electrode material, therefore, both extrinsic 
characteristics (such as particle size and size distribution) and 
intrinsic characteristics (diffusion coefficient) of the material 
should be considered comprehensively. Since the diffusion 
capability of the material is in inverse proportion to square 
of particle size and in proportion to diffusion coefficient 
(D/r*), the particle size has stronger impact on the diffusion 
capability than the diffusion coefficient. Therefore, the particle 
sizes of these four electrode materials were estimated using 
SEM images as shown in Fig. 6. Carefully compared to 
the SEM image of these materials, some differences in the 
particle size and morphology characteristics of the materials 
can be distinguished. Among all the materials, the particle 
size of LiCoO2 is the largest (5—10 um), which has almost 
one order magnitude higher than that of the other samples. 
Therefore, the poor kinetic characteristic of LiCoOz can be 
mainly attributed to its large particle size. Since the particle 
sizes of Lig/3Tis/3O4, LiFePO, and LiCo4/3Niy/3Mn4/302 are 
similar but their rate capabilities are quite different (Fig. 3), 
the ionic conductivity of the four electrode materials were 
measured using EIS, and also listed in Table 1. The reasons 
for measuring the ionic conductivity of the electrode materials 
rather than their diffusion coefficients of four electrodes are: 
(1) the accurate Li-ion diffusion coefficient of phase transition 
material cannot be obtained by the standard EIS and GITT 
methods in a three-electrode-cell due to the phase transition 
(rather than composition variation) during measurement; (2) 
an accurate ionic conductivity of phase transition electrode 
can be measured using EIS and blocking electrode and the 
diffusion coefficient of Li-ions can be calculated from the ionic 
conductivity using the Nernst—Einstein equation. It can be found 
that the ionic conductivity of the materials increased in the order 
of LiFePO4 <Lig/3Tis;304 < LiCoO2 < LiCo4/3Niy/3Mnj/302. 
Although Li-ion diffusion coefficient of LiCoOz is high up to 
~10-4Scm7!, LiCoOy still has the lowest Li-ion diffusion 
capability due to its large particle size because the particle size 
has stronger impact on the diffusion capability than the diffu- 
sion coefficient (diffusion capability = D/r*). Considering the 
particle size and ionic conductivity, Li* ion diffusion capability 
of the four materials can be rearranged with following orders: 
LiCoO2 < LiFePO,4 < Li43Tis/3 O4 < L1C014/3Ni1/3Mn1/3 Oo. 
When compared with the rate capability order of the four 
materials, the Lig/3Tis/3O04 and LiCo1/3Ni1/3Mn1/302 were 
still in a reversed position, which indicated that factors 
other than electronic and ionic conductivity may deter- 
mine the rate performance of Lig3Tis;304 and LiCo1/3Ni1;3 
Mnı⁄302. 


3.5. Phase transformation 


The effect of phase transition on rate capability of electrode 
material can be distinguished by comparing the electrochemical 
performance of Li4/3Tis5/304 and that of LiCo1/3N11/3Mn1/302 
under different discharge current. As shown in Fig. 2d, the low 
capacity of LiCo4/3Niy/3Mnj/302 at a high discharge current 
was mostly attributed to the capacity lost in the phase transition 
region, while the capacity in the solid solution region is almost 
the same even at a high discharge current. Therefore, the phase 
transformation in LiCo1/3Ni1/3Mnj,/302 becomes difficult when 
discharge current is high. However, Li4/3Tis;3O4 still has con- 
siderable capacity even at a high discharge current, indicating 
phase transformation in Li4/3Tis/3O4 is much easier than that 
of LiCo1/3Ni1;3Mn1/302. Therefore, the phase transformation 
kinetics may be the reason for the difference of rate performance 
between Lig3Tis/3 O4 and LiCo13Ni13Mn1⁄3 Oo. 

The faster phase transformation of Lig/3Tis/304 than that of 
LiCo4/3Nit/3Mn 4/302 is due to zero volume change during phase 
transformation for Li4/3Tis/304. The phase transformation resis- 
tance also can be partly evaluated by the potential hysteresis 
between charge and discharge. Fig. 7 presents the galvanos- 
tatic intermittent charge and discharge curves of Lig/3Tis;304 
and LiCo1/3Niy3Mn1/302. Lig/3Ti5/304 shows a much nar- 
rower potential hysteresis than LiCo4/3Ni1/;3Mnj/302 due to 
zero volume change of Lig3Tis/304 during the Li interca- 
lation/extraction process. For the case of Lig/3Tis;3O4, the 
equilibrium potential (EP) hysteresis between the charge process 
(lithium extraction) and the discharge process (lithium interca- 
lation) was about 10 mV, which was higher than the value (about 
4 mV) reported in the literature [27]. The reason for this can be 
attributed to the use of a different measuring method. In our 
case, the galvanostatic intermittent charge and discharge curves 
of the samples were measured with charge/discharge for | h fol- 
lowed by rest for 2h, while the GITT in the literature [27] were 
measured by charge/discharge for 17 min followed by rest until 
the potential slope with time is less than 0.7 mV h7!. The rest 
time in the literature is much longer than that used here. During 
the zero volume change in the phase transformation between 
Lig3Tis;304 and Li7/3Tis/304, the EP hysteresis resulting from 
the phase transformation should be zero. The observed EP hys- 
teresis can be attributed to the heterosphere charge/discharge 
properties of a porous electrode [28]. The potential hysteresis 
of LiCo4/3Ni,/3Mnj4/302 was almost 50 mV, which was much 
higher than that of Lig/3Tis;3O4. It was reported that the vol- 
ume change of Lij_,CoO2 (x=0-0.5) during charge/discharge 
process was about 2% [29], which was much higher than 
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that of Li43Tis;304. Therefore, the large potential hysteresis 
of LiCo1/3Ni,3Mn1/302 can be attributed to its larger volume 
change during the charge/discharge process. 


4. Summary 


In this work, four mixed electron/ion conductive elec- 
trode materials including Lig/3Tis;3O04, LiFePO4, LiCoO2 and 
LiCo4/3Ni,/3Mn1/302 were chosen to investigate the rate perfor- 
mance. According to the structure change during Li intercalation 
and extraction, these four electrode materials can be roughly 
divided into two groups, i.e. the phase transition materials 
(Li4/3Tis7304 and LiFePO4) and phase transformation-solid 
solution materials (LiNi,/;3Mnj/3Co 1/302 and LiCo02). 

The effect of electronic conductivity, Li-ion diffusion capa- 
bility and phase transition kinetic (for the phase transition 
materials) on the rate capability of these materials is summa- 
rized in Table 2. The results indicate that the rate capability of 
the electrode materials is mainly controlled by phase transfor- 
mation kinetics and then Li-ion diffusion capability, although 
the electronic conductivity of the materials also affects the rate 
performance. The best rate capability of Li4/3Tis;3O4 is due to 
the fast phase transformation with zero volume change, and the 
good rate performance of LiCo1/3Ni1/3Mnj4/302 is attributed to 
the high Li-ion diffusion capability. The reasonable rate behav- 
ior of LiFePO, is attributed to the balanced phase transformation 
kinetics and Li-ion diffusion ability. The worst rate performance 
of LiCoO> is due to the large particle size. The electronic conduc- 
tivity is less important than others is because 5—10 wt% carbon 
black is normally mixed into electrodes which enhanced the 
electronic conductivity. However, if the electronic conductivity 
of the electrode materials is too low (less than 1078 Scm7!), 
the improvement of the electronic conductivity of the materials 
will greatly improve the rate performance. 
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